We have previously shown that the expression of a semaphorin, known as a repelling cue in axon guidance, Sema3E, correlates with the ability to form lung metastasis in murine adenocarcinoma cell models. Now, besides providing evidence for the relevance of SEMA3E to human disease by showing that SEMA3E is frequently expressed in human cancer cell lines and solid tumors from breast cancer patients, we show biological activities of Sema3E, which support the implication of Sema3E in tumor progression and metastasis. In vivo, expression of Sema3E in mammary adenocarcinoma cells induces the ability to form experimental lung metastasis, and in vitro, the Sema3E protein exhibits both migration and growth promoting activity on endothelial cells and pheochromocytoma cells. This represents the first evidence of a metastasis-promoting function of a class 3 semaphorin, as this class of genes has hitherto been implicated in tumor biology only as tumor suppressors and negative regulators of growth. Moreover, we show that the full-size Sema3E protein is converted into a p61-Sema3E isoform due to furin-dependent processing, and by analyzing processing-deficient and truncated forms, we show that the generation of p61-Sema3E is required and sufficient for the function of Sema3E in lung metastasis, cell migration, invasive growth, and extracellular signal-regulated kinase 1/2 activation of endothelial cells. These findings suggest that certain breast cancer cells may increase their lung-colonizing ability by converting the growth repellent, Sema3E, into a growth attractant and point to a type of semaphorin signaling different from the conventional signaling induced by full-size dimeric class 3 semaphorins. (Cancer Res 2005; 65(14): 6167-77) 
Introduction
Metastasis is a multistep process in which cancer cells invade the surrounding tissue at the primary tumor site, enter the vascular system, and finally extravasate and grow in other organs. Although cancer cells in circulation may efficiently arrest in the first capillary bed they encounter, the metastases only develop in organs where the cancer cells and the microenvironment are compatible (1) (2) (3) (4) . Consequently, many genes that control metastatic growth encode secretory or cell surface proteins, which mediate intercellular communication between tumor cells and cells of the target organ (5) (6) (7) . In addition, different sets of genes may determine metastasis to different organs (8) .
In an attempt to identify genes involved in lung metastasis of breast cancer cells, we have previously compared gene expression profiles of metastatic and nonmetastatic subpopulations derived from murine mammary adenocarcinomas. We identified semaphorin 3E (Sema3E/previously M-semaH; ref. 9 ) as a gene expressed in all cell lines that are capable of metastasizing to lungs but only in a few nonmetastatic cell lines (10) . Semaphorins belong to a diverse group of genes that encode growth guidance cues (the others include the ephrin, netrin, and slit genes). These cues cooperate with growth factors to achieve the proper development of the nervous and cardiovascular systems (11) (12) (13) . Presumably reflecting their natural role in cardiovascular development, growth guidance cues and their receptors have been implicated in tumor angiogenesis (14, 15) . Hence, SEMA4D has been shown to be an angiogenic factor as well as a stimulator of invasive growth (16, 17) , whereas SEMA3A and SEMA3F act as antagonists of vascular endothelial growth factor signaling through binding to neuropilin coreceptors (18, 19) . Notably, the SEMA3B and SEMA3F genes are located in chromosomal region 3p21.3 that is frequently deleted in lung cancer (20) , and in accordance with a tumor-suppressive role, ectopic expression of SEMA3B and SEMA3F leads to apoptosis and reduced growth in xenografted human tumors (21, 22) . In addition, SEMA3F acts as a direct chemorepellent for endothelial cells and when overexpressed in melanoma cells, SEMA3F induces a poorly vascularized, nonmetastatic tumor type (23) .
To date, no semaphorin has been shown to promote metastasis. The strongest candidate for this role, Sema3E, belongs to the same class of secreted semaphorins as the tumor-suppressive semaphorins, SEMA3B and SEMA3F (i.e., class 3), and it is unclear how these structurally related semaphorins could fulfil opposing roles during tumor progression. Previously, growth-repelling activities have been associated with dimeric forms of full-size class 3 semaphorins (24, 25) , and furin-dependent processing has been shown to down-regulate these activities (26) . Here, we show that Sema3E promotes lung metastasis in vivo and confirm that Sema3E possesses growth and motility stimulating activity in vitro. We find that both these activities are associated with a p61-Sema3E isoform, which is generated from full-size Sema3E proteins by the same furin-dependent processing known to down-regulate the repellent activity.
the American Type Culture Collection (Manassas, VA). The PC12-E2 cell line was obtained from Dr. Elisabeth Bock (Panum Institute, Copenhagen, Denmark). Lung microcapillary endothelial cells and hepatic sinusoidal endothelial cells (HSE) cultures were provided by Dr. Jun-Ichi Hamada (Division of Cancer-Related Genes Institute for Genetic Medicine, Hokkaido University, Sapporo, Japan) and grown as described (27) . The 168FARN cells were grown as previously described (10) .
Reverse transcription-PCR analysis of SEMA3E mRNA. Total RNA was isolated from cell lines and tumor tissues using the NucleoSpin Kit (Macherey-Nagel, Düren, Germany) and reverse transcribed using random hexamers and Superscript III (Invitrogen, Carlsbad, CA). The PCR was done in a block thermocycler or the LightCycler (Roche, Indianapolis, IN) using primers 5V -GATACGGAACCACCAAGGAC-3Vand 5V -CTTCTTCCATT-GATTCCATTTC-3V for SEMA3E, 5V -TCCAAGCGGAGCCATGTCTG-3V and 5V -AGAATCTTGTCCCCTGTGGTGGA-3Vfor PBGD, and 5V -AGGGGGGAGC-CAAAAGGG-3Vand 5V -GAGGAGTGGGTGTCGCTGTTG-3Vfor glyceraldehyde-3-phosphate dehydrogenase.
Sema3E expression constructs. The entire open reading frame of Sema3E was amplified by PCR and cloned onto pcDNA3.1(À)/zeo R and pcDNA3.1-myc-his/neo R using ApaI linkers. A pcDNA3.1-mychis/neo R vector encoding Sema3E (+)(À)myc was obtained from Dr. Alain Chedotal (Hôpital de la Salpêtrière, Paris). The sequence encoding KRRFRR was changed into KRSFGG by PCR site directed mutagenesis using the primers 5V -TTCGGCGGGCAGGACGTTCGGCATGGCAACGCC-3V and 5V -GCTTCTC-TTTGCGTGTGCACCTGTTGGGTAGTA-3V . This way vectors encoding Sema3E(À)(+)myc and Sema3E(À)(À)myc were obtained from pcDNA3.1(À)/ zeo R : sema3E(+)(+)myc and pcDNA3.1/neo R : sema3E(+)(À)myc, respectively. A pcDNA3.1/zeo R construct encoding truncated Sema3E-myc (p61-Sema3E TR -myc) was generated from a previously made pSecTag:AP-myc vector encoding alkaline phosphatase fused to amino acids 32 to 560 of Sema3E. This vector was cut with XhoI and PmeI, and the released fragment ligated onto XhoI and EcoRV digested pcDNA3.1/zeo R /sema3E. Transfections. 168FARN cells were transfected by electroporation followed by selection using 500 Ag/mL zeocin (Invitrogen). COS-7 cells were transfected by the LipofectAMINE 2000 (Invitrogen) or DEAE-dextran method. HEK-293 cells were transfected by the LipofectAMINE 2000 method.
Experimental lung metastasis. Cells (10 5 ) in 200 AL PBS were injected i.v. in the tail vein of female BALB/c mice (age 10-12 weeks). All transfected cells were injected before passage 11 posttransfection. Mice were sacrificed between days 20 and 35, and total lung weight was measured. Statistical analysis was done using a linear mixed model that assumes exponential growth of lung weights with a systematic effect of the type of transfection [no transfection, vector, wild-type Sema3E, p61-Sema3E TR -myc, or Sema3E(À)(+)myc]. Fractionation of conditioned medium. Cells were grown to 70% confluency, washed twice and incubated with a volume of serum-free DMEM/F12 medium resulting in 5 Â 10 5 adherent cells/mL. After 24, 48, or 72 hours, conditioned medium was collected, filtrated, and then either concentrated 50Â or 100Â for use in immunoblot analysis with 1.1 Ag/mL of affinity-purified anti-Sema3E polyclonal antibodies or stored at À80jC with 0.1% bovine serum albumin (BSA) and 25 mmol/L HEPES (pH 7.4). The separation of Sema3E isoforms was done from 400 mL of conditioned medium collected after 72 hours from Sema3E-transfected COS-7. The medium was adjusted to 50 mmol/L NaCl, 10 mmol/L Tris (pH 7) and passed through heparin Sepharose (Pierce, Rockford, IL). Proteins were eluted with a NaCl gradient, and fractions containing Sema3E were pooled, dialyzed, and concentrated to 1 mL. The concentrate was loaded onto a XK16 column containing Superdex 200 (Amersham Biosciences, Piscataway, NJ) and separated into 3-mL fractions at 0.5 mL/min. Samples were removed for immunoblot analysis and quantification of protein and stored for assays of activity.
Recombinant p61-Sema3E TR -mychis. The sequence encoding amino acids 32 to 560 of Sema3E was PCR amplified and ligated onto pPICZaB:myc-his/zeo R (Invitrogen) using PstI and XbaI sites. The resulting vector encoded truncated Sema3E-mychis (p61-Sema3E TR -mychis). Pichia pastoris strain GS115 was transformed by electroporation. Zeocin-resistant clones were induced for Sema3E expression by growing in potassium phosphate-buffered minimal medium (pH 6) containing Histidine and 0.5% (v/v) methanol. The p61-Sema3E TR -mychis protein was purified using Ni 2+ affinity chromatography. Polyclonal Sema3E antibody. The sequence encoding amino acids 28 to 98 of Sema3E was ligated onto the pQE30 vector (Qiagen, Valencia, CA) for production of a Histidine-tagged Sema3E peptide in XL1 bacteria and purification using Ni 2+ affinity chromatography. Polyclonal antibodies were raised in rabbits and affinity purified from the serum using Sepharose beads coupled to the His-Sema3E fragment by CNBr activation. In immunoprecipitations, 100 Ag/mL antibody was preincubated with 20 % (v/v) protein A/G Sepharose (Pierce). 5 % (v/v) immunoglobulin-coated beads was added to conditioned medium and mixed for 4 hours at 4jC. The supernatant was tested for remaining biological activity.
Immunohistochemistry. For immunohistochemical staining slides prepared from paraffin-embedded tissues were pretreated with a 25 mg/ mL trypsin solution for 20 minutes at 37jC and incubated with 1.1 Ag/mL of affinity-purified anti-Sema3E polyclonal antibodies, overnight at 4jC. Sema3E-positive cells were visualized using anti-rabbit biotin conjugated secondary antibodies (DAKO Cytomation, Glostrup, Denmark) together with the TCA-biotin amplification system (Perkin-Elmer, Shelton, CT). Slides were counterstained with Meyers hematoxylin. The specificity was tested by mixing primary antibody with a 5-fold excess of p61-Sema3E TRmychis protein.
Neurite outgrowth. PC12-E2 cells (5,000) were seeded per cm 2 in poly-Llysine-coated wells. The next day, the test proteins were given and diluted in a mixture of serum-free DMEM/F12 and conditioned medium from COS-7 cells previously adjusted to produce minimal neurite outgrowth itself.
Fractions of conditioned medium were tested using 5 Ag total protein/mL. Nerve growth factor (NGF, 200 ng/mL; Roche), basic fibroblast growth factor (200 ng/mL; Sigma, St. Louis, MO) and BSA (Sigma) served as controls. After 48 hours, the cells were fixed with 11% glutaraldehyde for 15 minutes and stained for 15 minutes with 0.1% crystal violet. When using decanoyl-RVKR-chloromethylketone (100 Amol/L, Bachem, Bubendorf, Schwitzerland) the cells were fixed after 24 hours. In each well, 100 to 200 cells were examined to find the percentage of the cells extending neurites longer than twice the cell diameter.
Endothelial cell migration. The migration of SVEC4-10, lung microcapillary endothelial, and HSE cells was tested using blindwell chambers (Receptor Tech., Oxon, United Kingdom). Assays ran for 5 hours. A mixture of fibronectin (4 Ag/filter, Sigma) and Perlecan (0.5 ng/ filter, Sigma) constituted the substratum, and proteins were tested in DMEM/F12 medium containing 25 mmol/L HEPES (pH 7.4) and 0.1% BSA, or conditioned medium from COS-7. In each experiment, tests were done in triplicate and migrated cells were counted in four random fields per filter. Differences in mean values were analyzed for variance followed by t test.
Proliferation and adhesion assays. Population doubling times were determined by direct cell counting using a nucleometer (Chemometech, Allerød, Denmark). Adhesion to endothelial cells was tested by plating 15,000 SVEC4-10 cells in 96-well plates. The day after, 40,000 168FARN cells were seeded and the assay stopped at 5, 10, 25, and 50 minutes. The experiments were done in sextuplicate and done thrice. Quantification was made as previously described (28) .
Invasive growth assays. The endothelial cell invasion assay was done by placing aggregates of SVEC4-10 cells inside extracellular matrix (Biomedical Tech., Stoughton, MA) as previously described (29) . Aggregates were grown for 24 hours in conditioned medium collected from transfected HEK-293 cells. The invasive growth of parental and transfected 168FARN cells was tested by growing 10,000 cells inside 0.9 mL of a collagen I mixture in 48-well plates [mixture: 2 mg/mL collagen I (Vitrogen, Leimuiden, the Netherlands), 1Â DMEM, 2.4 mg/mL NaHCO 3 , 20 mM HEPES (pH 7.4), penicillin and streptomycin]. Solidified gel was covered with medium supplemented with 10% fetal bovine serum, either DMEM or conditioned medium from transfected HEK-293 cells. Medium was replaced every third day and after 10-day cultures were evaluated for invasive growth.
Immunoblot analysis of extracellular signal-regulated kinase 1/2. Cells were washed twice with serum-free DMEM/F12 medium and incubated in this medium. The following day, cells were washed again, and 2 hours later, they were incubated in the same kind of medium containing no supplements, 1% serum, hepatocyte growth factor (HGF, 20 ng/mL), or 70 ng/mL p61-Sema3E TR mychis. Lysates were produced using extraction buffer [50 mmol/L Tris-HCl (pH 7.6), 5 mmol/L EDTA, 150 mmol/L NaCl, 10% glycerol, 1% Triton X-100] supplemented with a protease inhibitor cocktail (Sigma-Aldrich, St, Louis, MO). Protein (50 Ag) was analyzed by immunoblotting using the PhosphoPlus p44/42 mitogen-activated protein kinase Antibody Kit (Cell Signaling, Beverly, MA).
Results
SEMA3E is expressed in human mammary adenocarcinoma cells. We have previously reported a positive correlation between the expression of Sema3E and the ability of mouse adenocarcinoma cell lines to form lung tumors in the experimental lung metastasis assay (10) . To explore the relevance of this finding in humans and thus the grounds for further analysis of Sema3E in cancer, we examined the expression of SEMA3E in human breast cancer cells. Transcripts were detected in 7 of 10 tumor-derived cell lines (70 %). Positive cell lines included MDA-MB-468, MDA-MB-231, MDA-MB-157, MCF-7, ZR75-1, BT-20, and T47D whereas BT549, MDA-MB-453, and the nontransformed mammary epithelial HME1 cells were negative with respect to SEMA3E transcripts (Fig. 1A) . We also investigated tumor samples obtained from breast cancer patients including node negative (n = 3) and node-positive primary tumors (n = 14). Of the latter, matching pairs of primary tumor and axillary lymph node metastases had been obtained in six cases. Out of a total of 23 samples, primary tumors and metastasis alike, SEMA3E transcripts were detectable in 16 cases (69%; Fig. 1B ). The number of samples was too limited to allow the investigation of the possible correlation between regional metastasis and SEMA3E expression. However, the frequent existence of SEMA3E transcripts in human breast cancer cell lines and solid tumors, including metastases, clearly showed the relevance of SEMA3E to human disease and thus warranted further investigations into the function of Sema3E in cancer.
Sema3E stimulates experimental lung metastasis. Mouse tumor models are well suited for studies of metastasis as they offer an opportunity for assessment of metastasis in vivo using isogenic cell lines and mouse strains. To investigate the possible lung metastasis promoting function of Sema3E, we made use of 168FARN cells, which originate from a mouse mammary adenocarcinoma. These cells do not express endogenous Sema3E and although capable of extravasation, they do not grow in the lungs after i.v. injection in BALB/c mice (10, 30, 31) . We first transfected the 168FARN cells with a construct encoding full-length mouse Sema3E and investigated stable clones with polyclonal antibodies raised against the NH 2 terminus of Sema3E. Immunoblot analysis of the conditioned medium from stable clones revealed a band pattern that was specific to Sema3E transfectants (clones SEM-1 and SEM-2) and similar to the pattern in conditioned medium from two metastatic cell lines, CSML-100 and 66cl4, expressing endogenous Sema3E mRNA (10) and COS-7 cells transiently transfected with Sema3E ( Fig. 2A ). This pattern of bands seemed A, SEMA3E mRNA expression in nine breast cancer cell lines and nontransformed mammary HME1 cells was examined by RT-PCR analysis. cDNA was synthesized from 1 Ag of total RNA, normalized for PBGD gene messages, and amplified with specific primers to SEMA3E or glyceraldehyde-3-phosphate dehydrogenase (GAPDH ). The RT-PCR products were separated on a 2% agarose gel and stained with ethidium bromide. B, SEMA3E mRNA expression in breast carcinoma tissues was examined by RQ-PCR analysis, relative to PBGD. SEMA3E/PBGD = 1.0 corresponds to the level observed in MDA-MB-468. For six patients, matching pairs of primary tumors (P) and axillary lymph node metastases (M ) were examined.
to be a conserved feature of the Sema3E protein as it also existed in the medium from MDA-MB-468 human cancer cells expressing the SEMA3E gene (Fig. 2B) . We got an indication of cross-reactivity with another human semaphorin when analysing the medium from MDA-MB-453 cells that are negative for SEMA3E transcripts ( Fig. 2B compared with Fig. 1A ). However, this other semaphorin was not detected in the medium from nontransfected 168FARN cells or mock-transfected COS-7 cells ( Fig. 2A) .
Next, we injected the Sema3E-transfected 168FARN cells into BALB/c mice and inspected the lungs for metastatic tumor growth after 20 to 31 days. When total lung weight was used as a measure of tumor growth, we found a highly significant growth of Sema3E transfected cells (P = 0.0005; Fig. 2C ) but insignificant growth of parental (P = 0.54) and mock-transfected 168FARN cells (P = 0.35; Fig. 2D ). Notably, massive tumor growth was observed exclusively in mice injected with Sema3E-transfected cells (Fig. 2E ), resulting in increases in total lung weight of up to 400%. These in vivo experiments pointed to a potent activity of Sema3E as a promoter of metastatic growth in the lungs.
The expression of Sema3E in the metastatic lesions was detected by immunohistochemical staining of the mouse lungs using the anti-Sema3E antibodies. Sema3E-positive cells were seen invading the lung tissue at the interface between the tumors and lung tissue (Fig. 2F) , and the staining could be blocked by Sema3E protein (Fig. 2F , right corner inset; see later for description of protein). Furthermore, the anti-mouse Sema3E antibody was able to detect human SEMA3E protein in solid tumors from breast cancer patients. In full agreement with the results of the reverse transcription-PCR (RT-PCR) analysis in Fig. 1 staining was not observed in tumors lacking SEMA3E mRNA (e.g., primary tumor 13 shown in Fig. 2G ), whereas staining was seen in SEMA3E positive primary tumors and metastases (e.g., primary tumor 16 and metastasis 16, shown in Fig. 2H and I, respectively) . In all cases, the specificity of the staining was confirmed by blocking with recombinant Sema3E protein (Fig. 2F-I, insets) .
Sema3E stimulates endothelial cell migration and neurite outgrowth. Growth guidance factors are known to guide axonal growth by both attractive and repulsive means and semaphorins are known to act on both nerves and endothelial cells (11, 18) . We hypothesized that the reason for the increased metastatic growth induced by Sema3E could be a growth attracting activity, which might be studied in vitro using endothelial cells or nerves. In particular, endothelial cell migration provides a possible link to metastasis through the process of angiogenesis (32) . We first examined the effect of Sema3E on the migration of SVEC4-10 lymph node endothelial cells (33) . Conditioned medium from Sema3E transfected 168FARN and COS-7 cells stimulated SVEC4-10 cell migration 2-and 6-fold greater than conditioned medium from mock-transfected cells, respectively. Furthermore, following immunoprecipitation of Sema3E with anti-Sema3E antibodies the motility-stimulating activity in the medium was significantly decreased, showing that the stimulation was, at least partly, due to Sema3E (Fig. 3A) . Next, we tested the effect of Sema3E on primary endothelial cell cultures from murine lung and liver (27) . Lung microcapillary endothelial cells migrated in higher numbers in response to conditioned medium from 168FARN cells secreting Sema3E compared with conditioned medium from parental 168FARN cells, whereas HSE showed no signs of increased migration in response to conditioned medium containing Sema3E. In addition, as for SVEC4-10 cells the activity on lung microcapillary endothelial cells was shown to be Sema3E dependent using anti-Sema3E antibodies (Fig. 3B) .
We also investigated the potential effect of Sema3E on neuronal cells through the use of the PC12-E2 pheochromocytoma cell line. We found that conditioned medium from COS-7 cells expressing Sema3E stimulated neurite growth in PC12-E2 cells to the same extent as NGF that is in agreement with findings previously reported by others using PC12 cells (ref. 34; Supplementary Fig. 1 ).
The activity of Sema3E on endothelial cell migration and neurite outgrowth supported our hypothesis that Sema3E is capable of promoting growth by attraction or direct stimulation.
Sema3E protein exists in different isoforms. As described above ( Fig. 2A and B) , the Sema3E protein exists in a number of different forms. To study the metastasis and growth promoting activities of Sema3E, we set out to characterize the Sema3E isoforms in detail. Related class 3 semaphorins are known to dimerize and undergo proteolytic processing by furin and furin-like convertases (24) (25) (26) . The Sema3E protein contains the processing consensus sites, RXK/RR and RXXR (Fig. 4A) , as well as a conserved COOH-terminal cysteine residue (Cys 729 ) situated where the disulfide bond is formed between monomers of other class 3 semaphorins (data not shown; refs. 24, 25) . These structural features suggest that Sema3E like other class 3 semaphorins exists in monomeric, dimeric, and processed forms. The forms detectable with the Sema3E antibody would be full-size monomers (p87-Sema3E), full-size dimers (p87:p87-Sema3E), partially processed dimers (p87:p25-Sema3E), and released NH 2 -terminal Sema3E (p61-Sema3E; Fig. 4B ). The molecular size of these isoforms could explain the bands on the immunoblots in Fig. 2 .
To test the accuracy of this interpretation, we generated constructs encoding myc-tagged wild-type, mutated, or truncated Sema3E proteins. In addition to a construct encoding full-length wild-type Sema3E [denoted Sema3E(+)(+)myc to indicate the presence of both the KRRFRR and RLPR sites], a second construct encoded Sema3E with the wild-type KRRFRR sequence but lacking the RLPR site [denoted Sema3E(+)(À)myc] and a third construct encoded Sema3E with the KRRFRR mutated into KRSFGG and lacking the RLPR site [denoted Sema3E(À)(À)myc]. Finally, a fourth construct encoded truncated Sema3E equal to p61-Sema3E without the KRRFRR site (i.e., p61-Sema3E TR myc). These constructs were transfected into COS-7 cells, which allow efficient transient transfection and high expression after 24 hours. The resulting proteins were analyzed with the antibody to the NH 2 terminus of Sema3E as well as an antibody to the COOHterminal myc-tag.
The Sema3E(+)(+)myc gave rise to a series of bands on an immunoblot stained with the Sema3E antibody. However, none of these bands were detected by an antibody to the myc tag indicating proteolytic release of the COOH-terminal sequence. In comparison, Sema3E(+)(À)myc produced proteins detectable with the myc antibody and the size of these bands corresponded to the expected p87:p87, p87:p25, and p25:p25 isoforms. However, the putative p61-Sema3E isoform was still spotted by the Sema3E antibody but not the myc antibody indicating that internal processing of Sema3E(+)(À) myc still occurred. This processing seemingly involved the KRRFRR site as it no longer took place in Sema3E(À)(À)myc proteins. These proteins almost entirely existed in the heaviest form, allegedly p87:p87, suggesting that proteolytic processing was completely abolished when both the RLPR and KRRFRR sites were compromised (Fig. 4C) . In the case of conditioned medium from SEM-2 and COS-7:Sema3E, the SVEC4-10 cells were also exposed to medium that had been subjected to immunoprecipitation with rabbit polyclonal anti-Sema3E antibodies (+ anti-sema3E) or rabbit IgG (+ control IgG) before use. B, migration of lung microcapillary endothelial cells (LE ) and HSE. Cells were exposed to conditioned medium from parental 168FARN cells and Sema3E-transfected 168FARN cells (clone SEM-2). In the case of conditioned medium from SEM-2, the cells were also exposed to medium that had been subjected to immunoprecipitation with Sema3E antibodies or rabbit IgG before use. Columns, means of three independent experiments done in triplicate; bars, SD. *, P < 0.05; **, P < 0.02; i.s., insignificant.
To study Sema3E dimerization, we then subjected the different proteins to treatment with a reducing agent. This led to the disappearance of the bands believed to represent the p87:p87 and p87:p25 isoforms thus supporting the composite nature of these forms. Notably, direct evidence for the p87:p87 isoform was found by examining the Sema3E(À)(À)myc protein. This protein existed solely in the f87 kDa form after reduction, whereas it was only found in the f174 kDa form before reduction as described above (Fig. 4D) . Surprisingly, we also found evidence for the existence of p61:p61 dimers because expression of p61-Sema3E TR myc produces a band of f120 kDa, which is detectable with both the Sema3E and myc antibody, whereas this band disappears after reduction (Fig. 4C and D) . However, it should be noted that this is likely to represent an artifact of overexpression because we lack evidence for the existence of this dimeric form in cells expressing endogenous Sema3E (as shown in Fig. 2) .
Collectively, the analysis of Sema3E isoforms showed that Sema3E is expressed as full-length dimers and undergoes proteolytic conversion to a shorter form (i.e., p61-Sema3E).
p61-Sema3E isoform stimulates endothelial cell migration and neurite outgrowth. To answer the question of which isoform exerts the motility and growth promoting activity of Sema3E, we collected conditioned medium from COS-7 cells secreting wildtype Sema3E and separated the individual isoforms through combined heparin affinity purification and size exclusion chromatography. The resulting fractions were examined by immunoblot analysis and tested for activity towards SVEC4-10 cells. The immunoblot analysis revealed that p87:p87-Sema3E, p87-Sema3E, and p61-Sema3E were eluted in separate fractions following the purification procedure (Fig. 5A) , and the functional assay showed that only the fractions containing p61-Sema3E ( fractions 13 and 14) exerted any activity above background indicating that this Figure 4 . Sema3E protein undergoes dimerization and proteolytic processing. A, schematic representation of Sema3E showing the positions of the signal sequence (black ), the SEMA domain (dark gray ), the immunoglobulin-like domain (light gray), the basic COOH-terminal domain (+), and processing sites (arrowheads ). The theoretical molecular weights of cleavage products are shown in kDa (top ). The processing sites in Sema3E are aligned with other mouse class 3 semaphorins (bottom ). Sema3E contains the consensus sites KRRXRR and RXXR (black arrowheads ). Site present in other class 3 semaphorins but not in Sema3E (open arrowhead ). Region to which polyclonal antiserum was produced (Ab). B, isoforms resulting from combined dimerization and proteolytic processing of Sema3E. Only the isoforms detectable with the antibody to Sema3E are shown. Constructs encoding Sema3E-myc were transfected into COS-7 cells, and after 24 hours, medium was collected and subjected to immunoblot analysis with antibodies to Sema3E and myc-tag (9B11), without reducing agent (C ) or with the reducing agent DTT (D ). In both (C ) and (D ) Sema3E(+)(+)myc denotes Sema3E with both the internal wild-type KRRFRR site and the RLPR site in the COOH terminus as opposed to Sema3E truncated in COOH terminus [Sema3E(+)(À)myc] and Sema3E with both a mutated internal site (KRRFRR->KRSFGG) and a truncated COOH terminus [Sema3E(À)(À)myc]. Proteins were separated using 3% to 8% TAE-polyacrylamide gels (Invitrogen). Within this range, the released COOH terminus is only detectable with the 9B11 antibody when no reducing agent is used.
isoform was responsible for the increased migration of SVEC4-10 cells (Fig. 5B) . To provide further evidence for the activity of p61-Sema3E, we then investigated the activity of purified, recombinant p61-Sema3E-myc proteins (p61-Sema3E TR -mychis). Such proteins stimulated the motility of SVEC4-10 cells by up to 3.5-fold (Fig. 5C ) and hence exerted an activity with a magnitude comparable with the activity present in fractionated conditioned medium containing p61-Sema3E. We therefore concluded that p61-Sema3E is required and sufficient for the motility-stimulating activity of Sema3E in vitro.
We also tested the fractionated conditioned medium on PC12-E2 cells. We found that both fractions containing p87:p87-Sema3E ( fractions 5, 6, and 7) or p61-Sema3E ( fractions 13 and 14) stimulated neurite outgrowth (Supplementary Fig. 2A ). Then we investigated the activity of conditioned medium containing Sema3E(+)(+)myc, Sema3E(+)(À)myc, Sema3E(À)(À)myc, and p61-Sema3E TR myc proteins as well as the effect of adding the furin inhibitor decanoyl-RVKR-chloromethylketone (26) to the assay. This way, we found that proteolysis is part of the mechanism underlying the growth stimulation by p87:p87-Sema3E and that the growth stimulation is probably due to p61-Sema3E formed as the result of this proteolysis (Supplementary Fig. 2B ). The neurite outgrowth promoting activity of p61-Sema3E was subsequently confirmed by testing purified, recombinant p61-Sema3E TR -mychis proteins ( Supplementary Fig. 2C ).
p61-Sema3E isoform stimulates experimental lung metastasis. Then we asked whether the processing of Sema3E into p61-Sema3E constituted the mechanism accounting for the experimental lung metastasis. To answer this question, we first transfected 168FARN cells with the construct encoding the Figure 5 . p61-Sema3E is both necessary and sufficient to promote endothelial cell migration and lung colonization. A, immunoblot analysis of Sema3E in total conditioned medium from COS-7 cells expressing Sema3E (T ) and fractions of this medium after size exclusion chromatography (1,À9 and 13,À17). Fractions 10, 11, and 12 were omitted from analysis due to excessive amounts of BSA. B, total conditioned medium and fractions were investigated for activity in the SVEC4-10 migration assay. Activity was compared with conditioned medium from nontransfected COS-7 cells (0). Columns, averages of three independent experiments; bars, +SD. C, recombinant p61-Sema3E TR myc was tested in the SVEC4-10 migration assay. Experiments were done thrice for p61-Sema3E TR myc (4) truncated Sema3E protein (p61-Sema3E TR myc) or a construct encoding full-size Sema3E mutated in the internal KRRFRR site [Sema3E(À)(+)myc]. Clonal cell populations expressing this mutated semaphorin (clones MUT-1 and MUT-2) secreted p87 and p87:p87 isoforms, whereas both the p61 and the p87:p25 isoforms were absent (Fig. 5D ). This confirmed that the alteration of the KRRFRR motif in Sema3E successfully abolishes the processing of that site. In comparison, 168FARN cells expressing p61-Sema3E TR myc (clones TR-1 and TR-2) secreted a protein that migrated slightly above the wild-type p61 isoform as well as dimers of p61-Sema3E TR -myc (Fig. 5E) . We then injected the clonal populations in BALB/c mice. This resulted in visible and in some cases massive lung metastasis in those mice injected with p61-Sema3E TR myc expressing cells whereas no metastasis (clone MUT-2) or only single lung tumors (clone MUT-1) resulted from injection of Sema3E(À)(+)myc expressing cells (Fig. 5F ). Analysis of total lung weights revealed that mice injected with 168FARN cells expressing p61-Sema3E TR myc showed an extremely significant increase in lung weights (P < 0.0001; Fig. 5G ), which did not differ from the increase seen in mice, which received 168FARN cells expressing wild-type Sema3E in Fig. 2C (P = 0.92). Thus, cells expressing only p61-Sema3E TR -myc were as metastatic as cells expressing all the isoforms of wild-type Sema3E. In comparison, mice injected with 168FARN cells expressing Sema3E(À)(+)myc showed no significant increase in lung weights (P = 0.49; Fig. 5H ) and concomitantly differed from mice receiving 168FARN cells expressing wild-type Sema3E in Fig. 2C (P = 0.041). Thus, the inability to process p87:p87-Sema3E into p61-Sema3E renders the cells unable to grow in the lungs. Combined, the data presented in Figs. 2 and 5 showed that the p61-Sema3E isoform is not only sufficient but also necessary for the promotion of pulmonary cancer growth by Sema3E.
Clonal heterogeneity of cancer cell lines with respect to adhesion, protease expression, and chemotaxis may cause large variation in the metastatic behavior of individual subclones (35, 36) . In the metastasis experiments presented in Figs. 2 and 5, clear signs of clonal variation were seen from the fact that clones expressing identical amounts of Sema3E behaved differently in vivo. Nevertheless, examples of massive lung metastasis were exclusively found in those groups of mice injected with 168FARN cells secreting p61-Sema3E alone or all isoforms including p61-Sema3E. Only these groups of mice showed increases in lung weight that rose exponentially and were significantly different from the other groups. Therefore, despite the clonal variation, there is a systematic effect of p61-Sema3E on lung metastasis.
Sema3E stimulates invasive growth and mitogen-activated protein kinase signaling. Finally, we sought to distinguish between two fundamentally different mechanisms as the cause of the increased metastatic potential of Sema3E-expressing 168FARN cells. One mechanism depicts autocrine stimulation by secreted Sema3E that would enable 168FARN cells to extravasate and grow invasively in vivo. In this case, we envisaged that 168FARN cells with an increased potential for metastatic growth would behave differently in an invasive growth assay in vitro. However, no difference was observed in the invasive growth of mock-transfected 168FARN cells, SEM-1, MUT-1, or TR-1 cells (Fig. 6A) . Furthermore, conditioned medium containing the various forms of Sema3E protein had no effect on parental 168FARN cells in the same assay, although growth factors such as HGF did exert an effect ( Fig. 6B; data not shown) . The increased metastatic potential of Sema3E expressing cells may also result from increased proliferation of such cells or an increased adhesion of such cells to microvascular endothelial cells. However, neither 168FARN cell lines expressing Sema3E nor 168FARN cells treated with different isoforms of Sema3E adhered differently to endothelial cells compared with parental cells (Supplementary Fig. 3A) . Moreover, 168FARN cells exhibited similar population doubling times irrespective of Sema3E expression or treatment (Supplementary Fig. 3B ). When combined, these data indicate that the increased metastatic growth of Sema3E-expressing 168FARN cells is not attributed to an autocrine effect of Sema3E.
The alternative mechanism that could explain the increase in metastatic growth relies on the paracrine stimulation of endothelial cells by Sema3E secreted from the tumor cells in a manner contributing to angiogenesis. SVEC4-10 cells have been shown to mimic the process of angiogenesis when grown in extracts from basal membrane (29, 33) . We placed pellets of SVEC4-10 cells inside gels formed from basal membrane extracts and observed the effect of growing the cells for 24 hours in the presence or absence of Sema3E isoforms. When grown in the presence of control conditioned medium containing alkaline phosphatase, invasive cells were observed sprouting from the pellet but keeping close cell-cell contacts. No difference was observed in this behavior when the medium contained p87:p87-Sema3E(À)(À)myc, whereas medium containing p61-Sema3E TRmyc caused reproducible increases in the invasive growth response similar to the effect of HGF (Fig. 6C) . Notably, no effect of p61-Sema3E TR -myc was observed when testing the population doubling times of SVEC4-10 cells grown in the same kind of conditioned media (Supplementary Fig. 3C ). Therefore, p61-Sema3E seems to act merely as a growth attractant for SVEC4-10 cells, and the observed increase in invasive growth may require that p61-Sema3E act synergistically with factors that stimulate proliferation.
To address the question of the signaling underlying the cellular response to p61-Sema3E, we investigated whether purified p61-Sema3E TR -myc evokes changes in the activation status of extracellular signal-regulated kinase 1/2 (Erk1/2) in 168FARN or SVEC4-10 cells. The effect of adding p61-Sema3E TR -myc to serumstarved 168FARN cells was not discernible from the effect of adding medium alone (Fig. 6D) . However, in SVEC4-10 cells a marked effect was observed. The p61-Sema3E TR -myc protein induced the activation of Erk1/2 beginning 5 minutes after addition. This was similar to the effect of HGF but different from medium that merely produced a short increase in Erk1/2 phosphorylation at 10 minutes (Fig. 6E) . Thus, the activation of Erk1/2 correlated with the biological effect of p61-Sema3E TR -myc in SVEC4-10 cells. The fact that similar treatments of 168FARN and SVEC4-10 cells only provoke a response in the latter is indicative of a paracrine mode of action.
Discussion
In our previous work, we found that the expression of Sema3E correlates with the ability to form lung metastasis in four murine adenocarcinoma cell models each consisting of paired metastatic and nonmetastatic cell lines from the same breast tumors (10). Here we have investigated the relevance of SEMA3E to human disease by examining human cancer cell lines and solid tumors from cancer patients. Furthermore, we have investigated the potential role of Sema3E in tumor progression and lung metastasis through the use of an experimental lung metastasis assay in combination with different functional assays in vitro.
Metastasis is a complex process involving several discrete steps that each places its own demands on the tumor cells for the expression of specific genes (3, 4) . Therefore, cancer cells may express an array of metastasis associated genes and still remain nonmetastatic as long as they are deficient in any of the other steps needed to conclude the process (30, 31) . In the present case, we found expression of SEMA3E in 69% of a limited number of solid tumors from breast cancer patients including regional metastases; but notably, not all regional metastases showed this expression. It may be speculated that SEMA3E is not needed for the metastasis of breast cancer cells to nearby lymph nodes but except for the fact that breast cancer metastasis to distant organs often proceeds via the lymphatic system, the presence or absence of SEMA3E expression in regional metastases, says little of the implication of SEMA3E in the later steps of the metastatic process. At the time of removal, a number of regional metastases may not contain cancer cells with the ability to metastasize further as shown in mouse tumor models (30) . Furthermore, breast cancer is notorious for its propensity to metastasize to bones (2); therefore, it is possible that Sema3E, if associated stringently with lung metastasis, would not be detected in a major part of metastatic breast cancers. To resolve this issue, a more detailed analysis is needed including more samples and clinical data on individual patients.
With respect to cancer cell lines, we found SEMA3E transcripts in cell lines such as MDA-MB-231 and MDA-MB-468, which are known to metastasize to the lungs in nude mice (37), whereas we did not detect transcripts in the nonmetastatic cancer cell line, MDA-MB-453 or human mammary epithelial cells. This is consistent with a role of SEMA3E in lung metastasis and in accordance with our previous findings of Sema3E transcripts in all murine cell lines that produce experimental lung metastasis (10) . However, we also found transcripts in human cancer cell lines, such as MCF-7 and BT-20, known to have low metastatic potential in nude mice (37) . This indicates that SEMA3E is not sufficient to induce lung metastasis of human cancer cells, but because MCF-7 and BT-20 cells may be deficient in several steps of the metastatic process, the presence of SEMA3E transcripts in these cell lines does not exclude the proposed role of SEMA3E in lung metastasis. In general, caution should be exerted when considering the low metastatic potential of human cancer cell lines in rodents. Other reports suggest that the growth of human cancer cells is still hampered by the immune system in nude mice (38, 39) , whereas in severe combined immunodeficient mice (SCID mice) some cancer TR myc, Sema3E(À)(À)myc, or secreted alkaline phosphatase. Pictures represent at least three experiments done in duplex. D and E, assessment of Erk1/2 activation in 168FARN and SVEC4-10 following serum starvation and exposure to either medium, medium plus 1% serum, or medium plus recombinant p61-Sema3E TR myc (70 ng/mL) in the case of 168FARN cells (D ) or medium, medium plus HGF (20 ng/mL), or medium plus p61-Sema3E TR myc (70 ng/mL) in the case of SVEC4-10 cells (E ). Immunoblots in (D) and (E) were analyzed with antibodies specific to Erk1/2 phosphorylated on Thr cell lines will metastasize only to engrafted human tissue but not homologous murine tissue pointing to the existence of speciesspecific mechanisms or incompatible tumor-host interactions that negatively affects the metastatic growth of human cancer cells in rodents (40) . For these reasons, it is difficult to say whether SEMA3E expression correlates with lung metastasis in human cancer cell lines, and for the same reasons, we chose not to use any of the existing human breast cancer cell models for the further studies of Sema3E.
The complexity of the metastatic process makes it essential to exploit experimental tumor models that are carefully characterized and allow the study of specific genes during individual steps of the metastatic cascade. In the present case, we have used the nonmetastatic cell line, 168FARN, which is derived from a murine mammary adenocarcinoma (30, 31) . Experiments exploiting the neomycin resistance of these cells to track their dissemination in vivo have shown that 168FARN cells can be found in the lungs 24 hours after i.v. injection, but they rarely grow into tumors (10, 31) . This indicates that 168FARN cells, although capable of extravasation, are incapable of metastatic growth within the lung parenchyma. In our previous work, the correlation between Sema3E expression and metastatic potential was particularly strong when using the experimental lung metastasis assay, indicating that Sema3E is causally involved in the final steps of metastasis to the lungs (10) . Due to the ability of 168FARN cells to extravasate combined with the inability to grow in the lungs, 168FARN cells are ideally suited for use in the investigation of Sema3E activity during the concluding steps of the metastatic cascade. The results of this work are presented here and provide evidence for the suggested role of Sema3E in lung colonization.
The ''seed and soil'' hypothesis proposed by Stephen Paget in 1889 states that metastasis form only when the cancer cells (the ''seeds'') and the specific organ environments (the ''soils'') are compatible (2) . Today, this hypothesis is supported by both clinical and experimental data, and it is generally accepted that metastatic growth and primary tumor growth may rely on different, tissue-specific mechanisms (3, 4) . Interestingly, Sema3E seems to fit the description of a property of the ''seeds'' that influences the ''soil'' (in this case the lungs) to facilitate the formation of metastasis. First, Sema3E stimulates the metastatic growth of 168FARN cells, which in the absence of Sema3E are merely seeded in the lungs but grow poorly (10, 30, 31) . Second, Sema3E stimulates the motility of lung microcapillary endothelial cells suggesting that Sema3E mediates tumor-endothelial cell interaction and may facilitate lung metastasis by contributing to a local angiogenic response. Curiously, besides attracting lung endothelial cells, Sema3E attracts lymph node endothelial cells but has no effect on the migration of liver endothelial cells. Moreover, Sema3E seems dispensable for 168FARN tumors growing in the mammary fat pad or subcutis (10, 30, 31) . These observations suggest that the effect of Sema3E may be limited to certain organs and tissues, perhaps reflecting organ-specific properties of the endothelial cells or the extracellular microenvironments. The classic view on angiogenesis depicts a balance between ubiquitously existing angiogenic factors and antiangiogenic factors, which may be shifted before tumor angiogenesis in a process termed the angiogenic switch (32) . However, the existence of tissue-specific factors with angiogenic activity (41) and the differential influence of different organ sites on the expression of angiogenic molecules in cancer cells (42) , point to the existence of organ-specific regulation of angiogenesis. This phenomenon may be essential for our understanding of the organ-specific metastasis of cancers with implications for future therapy (1) . Meanwhile, our data presents Sema3E as a novel candidate for taking part in lung metastasis and specific tumorendothelial cell interaction, and we propose that these data are best understood and further developed in the context of the ''seed and soil'' hypothesis and the theory of organ-specific regulation of angiogenesis.
The expression profiles of class 3 semaphorins in cancer have for some time indicated that individual class 3 semaphorins might have opposite roles during tumor progression (10, 20) ; but up until this moment, functional studies have only ascertained the roles of class 3 semaphorins (i.e. SEMA3B and SEMA3F) as important tumor suppressors (21-23) and SEMA3F and SEMA3A as negative regulators of angiogenesis (18, 19, 23) . In the present study showing metastasis-promoting activity of a class 3 semaphorin, evidence is provided for the functional dichotomy of class 3 semaphorins in tumor progression. This dichotomy is striking as Sema3E and the tumor-suppressive semaphorins have analogous and partially overlapping expression profiles and activities during embryonic development of the nervous system (43) . Studies of Sema3A and neuropilin-1 knockout mice (44, 45) and receptor ligand studies in vitro (46) also point to extensive redundancy in semaphorin signaling pathways raising the question of how structurally similar semaphorins acquire the necessary distinction between them, which allows for the opposite biological functions during tumor progression. It is interesting that the metastasis promoting function of Sema3E is associated with a short form lacking COOH-terminal domains. Meanwhile, all available data indicate that the tumor suppressive and growth repelling activities of class 3 semaphorins are associated with the neuropilin-binding capacity of full-length, dimeric forms of these semaphorins (18, 19, 23, 45) . It is furthermore intriguing that the short form of Sema3E stems from furin-dependent proteolytic processing; meanwhile, this sort of processing has been shown to down-regulate the repellent activity of class 3 semaphorins in neurobiology. All class 3 semaphorins share the dibasic motifs, which are present in Sema3E, and they are equally prone to proteolytic conversion (26) . Thus, it seems that furin has the capacity to cause distinctions between the structures of class 3 semaphorin ligands, which may be of functional importance.
During tumor progression furin and related proprotein convertases are frequently expressed in tumor cell lines and human cancers including those of the breast (47), head and neck (48) , and lung (49) . In particular, the expression of furin correlates with aggressiveness and metastasis in human head and neck cancer (48) , and whereas the furin gene is not expressed in normal lung tissue, it is highly expressed in certain lung tumors (49) . These data support the specific relevance of furin expression in lung metastasis and tumor growth within the lung parenchyma. We propose that furin and related proprotein convertases may add to an increased malignancy by converting semaphorins into isoforms with growth-promoting capabilities, as shown here for Sema3E. Moreover, by severing the full-length dimeric forms of semaphorins, it is also possible that furin contributes to the down-regulation of the tumor-suppressive activities of SEMA3B and SEMA3F. Thus, future research may benefit from the investigation of how semaphorin activities are regulated by furin expression during tumor progression.
In addendum, it was recently shown that unlike other class 3 semaphorins, Sema3E binds PlexinD1 independently of neuropilins. Moreover, PlexinD1 is expressed in endothelial cells and seems to mediate cell repulsion in response to Sema3E stimulation (50) . We have found that p61-Sema3E is capable of binding PlexinD1 expressed on the surface of COS-7 cells, and that PlexinD1 is expressed in both 168FARN tumor cells and SVEC4-10 endothelial cells (data not shown). However, considering the fact that Sema3E only seems to affect SVEC4-10 but not 168FARN cells, it seems unlikely that the PlexinD1 receptor alone is mediating the activity of p61-Sema3E described here. In addition, we have observed an activity opposite to the repelling activity described by Gu et al. Therefore, it may be speculated that p61-Sema3E mediates its effect via a complex of PlexinD1 and other associated molecules, which are able to convert the outcome of plexin signaling from repulsion to attraction. Further studies are in progress to answer this question in vitro and in vivo.
